ABSTRACT: This paper focused on the design and evaluation of an asphalt mixture with low thermal conductivity. Based on a designed SMA13 asphalt mixture, vermiculite powder was used to replace part of the fine aggregates to get an asphalt mixture with lower thermal conductivity. The Marshall test, wheel tracking test, low temperature bending beam test, and freeze-thaw splitting test were conducted to obtain a full evaluation of asphalt mixtures with different contents of vermiculite powder. A Mathis TCI thermal analyzer was used to test the thermal conductivity of asphalt mixtures, and the T-monitor temperature measuring system was used to compare the inside temperature of asphalt mixtures with and without vermiculite powder. It was found that with 10% vermiculite powder in the asphalt mixture, all of the road performances were satisfied, while thermal conductivity was lowered by 40%, and the inside temperature of the asphalt mixture was lowered by up to 2 ℃ . The findings in this paper proved the feasibility of using vermiculite powder to reduce the thermal conductivity of asphalt mixtures.
INTRODUCTION
Since the thermal conditions of permafrost can be easily affected by solar radiation, asphalt pavement construction has been a critical problem in permafrost regions for a long time [1, 2] . Due to the high heat absorption of asphalt pavement, heat enters the pavement easily and then transfers into the permafrost under the pavement. As a result of this heat absorption, the annual heat absorption of the permafrost tends to be larger than its annual heat loss. With heat accumulating year by year, thawing nuclei form and expand in the permafrost, leading to thawing-related damages to asphalt pavement such as transverse and longitudinal cracks, surface waves, subsidence, etc. [3] [4] [5] To guarantee the long-term performance of asphalt pavement in permafrost regions, a lot of research has been conducted to prevent the thawing problem. Based on heattransfer theory, all of the approaches can be categorized into two kinds: the heatinsulating approach and the heat-cooling approach. Typical heat-insulating approaches mainly include raising the height of the subgrade, placing shading board over the subgrade slope, using heat-insulating materials such as Expanded Polystyrene (EPS) in the subgrade, etc. [6-9] Heat-cooling approaches, such as creating a crushed rock layer, ventilation ducts, and thermosyphons, are more common. A crushed rock layer is usually placed on the upper layer of subgrade to form an air convection subgrade. It can generate cooling via internal Rayleigh-Benard convection, especially during the winter months when the surface temperature is lower than the inside temperature of the subgrade [10, 11] . The two-phase closed thermosyphon is a device designed to cool the permafrost by radiating heat from the permafrost to the air in the cold season and not absorbing heat from the air in the hot season [12, 13] . A cooling system with horizontal ventiducts placed in the subgrade was also proved to be feasible for protecting the underlying permafrost by experimental and field tests [14, 15] .
However, all of the current approaches have their own shortcomings. Although the heat-insulating approach can reduce the heat absorption of the permafrost during hot seasons, it also blocks the heat radiation of the permafrost during cold seasons. The heatcooling approach can cool the permafrost during cold seasons, but it cannot effectively prevent the heat absorption of the pavement and permafrost during the hot season. Field experiences also proved that one approach may not be enough to solve the thawing problem of permafrost, especially with wide pavement [16] [17] [18] . Thus, combined approaches are usually used to protect permafrost under asphalt pavement. Meanwhile, current approaches cause considerable engineering effort and financial cost.
Since the asphalt layer is one of the main reasons for heat absorption, an asphalt mixture with low thermal conductivity should reduce the heat absorption of pavement. Therefore, this paper focused on reducing the thermal conductivity of asphalt mixtures while maintaining its performance. Pavement with low thermal conductivity could be an effective auxiliary measure to the current heat-cooling approaches, especially when wide pavement is used.
EXPERIMENTAL PROCEDURES Materials
A reference asphalt mixture with a type of SMA13 was designed according to the Chinese Technical Specifications for Construction of Highway Asphalt Pavement [19] . The gradation is shown in Table 1 , and its asphalt content was determined to be 6.3%. Vermiculite powder was used to reduce the thermal conductivity of asphalt mixtures. The gradation of vermiculite powder is shown in Table 2 , and its basic properties are shown in Table 3 . The data shows that the vermiculite powder has a similar density as the aggregate, but much lower thermal conductivity. In addition, its basic properties meet the basic construction requirements for asphalt pavement by Chinese standard specifications [19] . The particle size of vermiculite powder is smaller than 4.75mm, and the main sizes of vermiculite powder are between 0.3mm and 0.6mm. Therefore, vermiculite powder was used to replace part of the fine aggregate in the asphalt mixture to lower its thermal conductivity. To keep the constant gradation of the asphalt mixture, vermiculite powder was used to replace the fine aggregates at each sieving size between 0.075mm and 2.36mm, based on the mass-equaling principle. When the mass ratio of the vermiculite powder to the weight of the original aggregates in the asphalt mixture exceeded 10%, there were not enough fine aggregates on sieving sizes of 0.3mm and 0.6mm to be replaced by vermiculite powder. Therefore, five different mass ratios of vermiculite powder to the weight of aggregates in the asphalt mixture were used in this study: 2, 4, 6, 8, and 10%. 
Testing Procedures
Based on the same gradation and asphalt content, asphalt mixtures with different contents of vermiculite powder (0, 2, 4, 6, 8, and 10%) were prepared for the following tests in this paper.
According to the Chinese standard specification of Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering [20] , air void, dynamic stability, failure strain, and the tensile strength ratio of different asphalt mixtures were tested based on the Marshall test, wheel tracking test, low temperature bending beam test, and freezethaw splitting test to evaluate the volumetric property, high-temperature rutting resistance, low-temperature anti-cracking performance, and moisture stability of the asphalt mixtures with different contents of vermiculite powder. The testing results were used to figure out the influence of vermiculite powder on the performance of asphalt mixtures.
To figure out the influence of vermiculite powder on the thermal conductivity of asphalt mixtures, a Mathis TCI thermal analyzer (TCI test) was used to test the thermal conductivity and heat capacity of asphalt mixtures with different contents of vermiculite powder. A T-monitor temperature measuring system (T-monitor test) was used to test the inside temperature of asphalt mixtures with and without vermiculite powder. Marshall specimens were used in both the TCI test and T-monitor test. During the TCI test, the measuring system controlled by computer can analyze the thermal parameters automatically by placing the probe of the thermal analyzer on the surface of the testing specimen. During the T-monitor test, to control the interference of the environment, the testing specimen was embedded into an insulated foam board, leaving only the upper surface outside, and the T-monitor probe was placed 4mm under the upper surface of the testing specimen. The measuring system controlled by computer automatically monitored and recorded the inside temperature of the testing specimen continuously. Fig. 1 shows the testing results of air void, dynamic stability, failure strain, and the tensile strength ratio for asphalt mixtures with different contents of vermiculite powder (VP). The performance requirements of Chinese standard specifications are shown in Table 4 . Failure strain/µɛ Tensile strength ratio/% Requirements 3~4 ≥3000 ≥3000 ≥80
RESULTS AND DISCUSSIONS

Performance Test
According to Fig. 2(a) , all of the air voids of different asphalt mixtures are within 3.1~3.5%. Based on Table 4 , it can be seen that all of the air voids can meet the specification requirements. And their differences are within the experimental errors for asphalt mixture. Thus, it is considered that vermiculite powder has no obvious influence on the air voids of asphalt mixtures. Based on Fig. 2(b) , when VP content is lower than 6%, vermiculite powder has no obvious influence on the high temperature rutting resistance of asphalt mixtures. When VP content exceeds 6%, vermiculite powder can improve the high temperature rutting resistance of asphalt mixtures; however, the improvement is limited. According to Fig. 2(c) and (d) , it can be seen that, the failure strain and tensile strength ratio decrease with the VP content increasing. Lower failure strain represents worse low-temperature anti-cracking performance while lower tensile strength ratio represents worse moisture stability. Thus, vermiculite powder has a negative influence on the low temperature anti-cracking performance and moisture stability of asphalt mixtures. But it indicates that even with 10% vermiculite powder, the failure strain and tensile strength ratio of asphalt mixtures can still meet the requirements shown in Table 4 . Overall, this study proves that the performance of asphalt mixtures with different contents of vermiculite powder can meet the requirements of Chinese standard specifications.
Thermal Parameters Test
The thermal conductivity and heat capacity of asphalt mixtures with different contents of vermiculite powder were tested. The testing results are shown in Fig. 2 . It can be seen that both the thermal conductivity and heat capacity decrease as VP content increases. Compared to the original asphalt mixture, with 10% vermiculite powder, the thermal conductivity of asphalt mixtures can be lowered by more than 40%, and the heat capacity of asphalt mixtures can be lowered by about 15%. This proves the feasibility of using vermiculite powder to reduce the thermal conductivity of asphalt mixtures. Temperature Measuring Test T-monitor tests were conducted for asphalt mixture samples without vermiculite powder and with 10% vermiculite powder. As shown in Fig. 3 , the temperatures inside different testing specimens were recorded by the T-monitor temperature measuring system from 11:00am to 17:00pm. It is clearly shown that the temperature inside testing specimens with 10% vermiculite powder is lower than the temperature inside testing specimens without vermiculite powder. The inside temperature of asphalt mixtures with 10% vermiculite powder can be lowered by up to 2℃ compared to the inside temperature of asphalt mixtures without vermiculite powder. Additionally, the average temperature of asphalt mixtures with 10% vermiculite powder was about 1.3℃ lower than that of asphalt mixtures without vermiculite powder, during the whole testing period. 
CONCLUSIONS
In this study, vermiculite powder was used to reduce the thermal conductivity of asphalt mixtures. Based on laboratory tests, the following conclusions can be made:
(1) Based on performance evaluation, the addition of vermiculite powder in asphalt mixtures has no obvious influence on the volumetric parameters of asphalt mixtures and can improve the high temperature rutting resistance of asphalt mixtures; however, it does jeopardize the low temperature anti-cracking performance and moisture stability of asphalt mixtures. Still, the performance of asphalt mixtures with 10% volumetric powder meets the requirements by Chinese standard specifications.
(2) According to the thermal conductivity test and the temperature measuring test, both the thermal conductivity and heat capacity of the asphalt mixture decrease as the content of vermiculite powder in the asphalt mixture increases. Compared to the original asphalt mixture, the thermal conductivity of the asphalt mixture with 10% vermiculite powder can be lowered by more than 40%. With 10% vermiculite powder, the inside temperature of asphalt mixtures can be lowered by up to 2℃ compared to the original asphalt mixture.
(3) The findings in this paper provide a promising way to promote the heat resistance of asphalt pavement, which is helpful for solving the problem of thawing permafrost under asphalt pavement in permafrost regions. Since using of the heat-resistant asphalt mixture with vermiculite powder has almost no extra engineering effort and financial cost, it can be an effective auxiliary measure to the current heat-cooling approaches.
(4) More work will focus on the long-term performance of asphalt pavement with vermiculite powder and field testing in permafrost region.
